Few prospective studies have evaluated the risk for incident hypertension (HTN) across the normal range of body mass index (BMI). Even fewer studies included body composition and fat distribution measurements in their analyses. In the Aerobics Center Longitudinal Study, we examined HTN risk in women across a wide spectrum of baseline BMI (kg/m²) values and also studied waist circumference (WC, cm), percent body fat, fat mass (FM, kg), and fat-free mass (FFM, kg) on incident HTN in subgroup analyses.
Hypertension (HTN) affects ~58 million individuals, or one in three US adults. 1 The estimated direct and indirect cost of HTN for 2007 is $66.4 billion dollars. 1 From age 45 to 54, the percentages of men and women with HTN are similar, 1 but at older ages a higher percentage of women have HTN than men.
A number of important contributory factors for HTN have been identified, including overweight/obesity, excessive dietary sodium intake, low physical activity, smoking, and high alcohol intake. 2 Previous studies have shown that being overweight or obese is associated with a higher risk for HTN. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] However, few prospective epidemiological studies have investigated the association between body mass index (BMI) and incidence of HTN in women at the lower end of the BMI distribution. [3] [4] [5] [6] Further, we know of no published study that concurrently examined overall obesity (reflected by higher BMI), abdominal obesity (reflected by higher waist circumference (WC)), and total body fat (reflected by percent body fat and fat-free mass (FFM)) in predicting incident HTN.
Our primary aim was to investigate the association between BMI and incident HTN in a cohort of normotensive, healthy women, most of whom were normal weight at baseline. In addition, we studied BMI, WC, percent body fat, fat mass (FM), and FFM to explore their associations with HTN development in a subgroup of women with complete data on all the five adiposity measurements.
METhOdS
Study population. The study included 5,296 women participants between 20 and 77 years of age, who completed a preventive medical examination and who were enrolled in the Aerobics Center Longitudinal Study at the Cooper Clinic (Dallas, TX) during . Study participants came to the clinic for periodic preventive health examinations and for counseling regarding diet, exercise, and other lifestyle factors associated with increased risk of chronic disease. Many participants were sent by their employers for the examination. Some were referred by their personal physicians. Others were self-referred. At baseline, all participants included in this analysis were free articles BMI Predicts Incident Hypertension in Women of known cardiovascular disease (CVD), cancer, or diabetes, had normal resting and exercise electrocardiograms, were able to complete an exercise stress test to at least 85% of their agepredicted maximal heart rate, and had a BMI ≥18.5 kg/m 2 . They also reported no physician diagnosis of HTN and had resting blood pressure <140/90 mm Hg at baseline and responded to at least one mail-back health survey during follow-up. Most participants were white, well educated, and from middle and upper socioeconomic strata. This study protocol was approved annually by the Institutional Review Board of the Cooper Institute.
Baseline examination. The baseline clinical examination was performed after receiving written informed consent from each participant and included fasting blood chemistry analyses, personal and family health history, anthropometry, resting blood pressure and electrocardiogram, and a maximal-graded exercise test on a treadmill. Previous studies have described the baseline examination in detail. 16 All procedures were administered by trained technicians who followed standardized protocols. Height and weight were measured using a stadiometer and standard physician's scale. BMI (in kg/m 2 ) was computed as weight in kilograms divided by height squared in meters. Participants were grouped into fifths of the BMI distribution as follows: BMI 18.5-20.0, 20.1-21.2, 21.3-22.5, 22.6-24.7, and >24.7 kg/m 2 respectively. Percent body fat was assessed with hydrostatic weighing, with the sum of seven skinfold measures, or with both assessments, following standardized protocols. Detailed description of our hydrodensitometry procedures has been published elsewhere. 17 FM (kg) was computed as weight (in kg) × (percent body fat)/100. FFM (kg) was computed as weight (kg) − FM (kg). 17 WC was measured at the level of the umbilicus with a plastic tape measure. Adiposity was grouped based on standard clinical definitions for: BMI (normal weight 18.5-24.9, overweight 25.0-29.9, and obese ≥30.0); WC (normal <88.0 cm; abdominal obesity ≥88.0 cm); and percent body fat (normal <30%; obese ≥30%). 18 In addition, we examined tenths of BMI to better illustrate the association between BMI and the risk of developing HTN. In a subgroup with complete data on BMI, WC, percent body fat, FM, and FFM (n = 3,189), women were also grouped into fifths of each these adiposity measures.
Resting blood pressure was measured in the seated position and was recorded as the first and fifth Korotkoff sounds by auscultatory methods after at least 5 min of sitting quietly. Two or more readings separated by 2 min were averaged. If the first two readings differed by >5 mm Hg, additional readings were obtained and averaged. Serum samples were analyzed for lipids and glucose using standardized automated bioassays. Hypercholesterolemia was defined as total cholesterol of ≥6.20 mmol/l (≥240 mg/dl) 19 or previous diagnosis by a physician. Information on smoking habits (current smoker or not), alcohol intake (drinks per week), physical activity habits (physically inactive or not), and family history of CVD or HTN was obtained from a standardized questionnaire. Participants were defined as physically inactive if they reported no leisure-time physical activity in the 3 months before baseline examination.
Cardiorespiratory fitness (CRF), which can be measured objectively in a laboratory and thereby provides quantifiable data that are correlated with habitual physical activity, was measured as the duration of a symptom-limited maximal treadmill exercise test using a modified Balke protocol. 16, 20 Exercise duration on this protocol is highly correlated with directly measured maximal oxygen uptake in women (r = 0.94). 21 Patients were encouraged to give a maximal effort during the test. The test end point was volitional exhaustion or test termination by the supervising physician for medical reasons. Maximal metabolic equivalents (METs, 1 MET = 3.5 ml O 2 uptake/kg/min) were estimated from the final treadmill speed and grade. 22 Ascertainment of incident HTN. The incidence of HTN was ascertained from responses to mail-back health surveys in 1982, 1986, 1990, 1995, 1999, and 2004 . The aggregate survey response rate across all survey periods in the Aerobics Center Longitudinal Study is ≈65%. Nonresponse bias is a concern in epidemiological surveillance. This issue has been investigated in the Aerobics Center Longitudinal Study, 23 and was found not to present a major source of bias. Baseline health histories and clinical measures were similar between responders and nonresponders and between early and late responders. 23 The end point was defined as a participant report of a physician diagnosis of HTN and has been described in detail elsewhere. [24] [25] [26] Our methods of case ascertainment are similar to those used in other established epidemiological studies on HTN. 5, 7, 27 Sensitivity and specificity of self-reported diagnosis of HTN in this cohort were 98 and 99%, respectively. 24 Statistical analysis. Follow-up time among noncases was computed as the difference between the date of the baseline examination and the date of the last returned survey where the participant reported being free of HTN. Follow-up time among cases was computed as the difference between the baseline examination date and the reported date of the HTN event. If a diagnosis date was not provided, we used the midpoint between the date of the case-finding survey and either the baseline examination date or the date of the last returned survey where the participant reported being free of HTN. Cox proportional hazards regression analysis was used to estimate hazard ratios (HRs) (in hours) and 95% confidence intervals (CIs) of HTN events according to exposure categories. Multivariate-adjusted models controlled for the potential confounding effects of baseline age (in years), current smoker (yes/no), alcohol intake (≥5 drinks/week or not), resting systolic and diastolic blood pressure (mm Hg), hypercholesterolemia (yes/no), family history of CVD or HTN (present or not for each), and physically inactive (yes/no). We also constructed indicator variables (yes/no) for each survey period to account for differences in survey response patterns to reduce the influence of ascertainment bias. 25, 26 To standardize for surveillance period and length of follow-up, we entered these variables, as well as the year of the baseline examination, into our analyses as covariables. Additional stratum-specific analyses were performed according to baseline age (<55 and ≥55 years) and CRF (low, moderate, articles
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and high fit). Tests of linear trends across exposure categories were computed using ordinal scoring. The potential influence of smoking and undetected subclinical disease at baseline was evaluated by restricting analyses to women who were not current smokers (n = 4,834) and by excluding incident HTN that occurred during the first 2 years of follow-up (n = 4,785). Statistical analyses were performed using SAS (version 9.1; SAS Institute, Cary, NC) software. All reported P values are twotailed, and CIs were calculated at the 95% level.
RESulTS
The mean BMI of the participants was 22.7 ± 3.6 (range 18.5-43.6). The prevalence of overweight (BMI: 25.0-29.9) and obese (BMI ≥30.0) was 14.2 and 4.0%, respectively. During a mean (s.d.) 16.7 (7.8) years of follow-up and 87,992 woman-years of observation, there were 592 incident cases of HTN. On average, women with higher BMI were older, had lower CRF, greater levels of adiposity, and higher systolic and diastolic blood pressure at baseline; and were less likely to be a current smoker and were less physically active ( Table 1) .
We observed a positive gradient (P trend < 0.001) of HTN incidence rates across incremental BMI groups ( Table 2) .
After adjusting for baseline covariates (age, examination year, survey response pattern, current smoking, alcohol intake, resting systolic and diastolic blood pressure, hypercholesterolemia, family history of HTN and CVD, and physically inactive), higher baseline BMI was associated with greater risk of developing HTN (P trend < 0.001) even within the range of "normal" BMI. Women in the highest fifth of BMI quintile (>24.7) were more than two times as likely to report HTN during follow-up as women in the lowest fifth. Similar patterns of association were observed between BMI and HTN when we restricted analysis to those who were not current smokers at baseline or to those with >2 years of follow-up. In addition, we examined the multivariable-adjusted HRs for incident HTN, according to tenths of baseline BMI. Across incremental tenths of baseline BMI, the multivariable-adjusted HRs of HTN were 1.00 (referent), 1 We also conducted stratified analyses by baseline CRF (Figure 1a ) and age groups (Figure 1b) to examine whether articles
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other risk predictors modified the association between BMI and HTN. Higher levels of BMI were associated with higher incidence rates of HTN across low, moderate, and high CRF (P trend < 0.01 each). Similar patterns of association were also observed among women who were <55 years of age (P trend < 0.001). However, the risk of developing HTN was not significant across BMI quintiles among women who were ≥55 years (P trend = 0.30). Although the trend was not significant among older women, we did not detect effect modification by baseline age (P interaction = 0.93).
To better understand the roles of other adiposity measures on incident HTN, we analyzed a subgroup which had complete measurement data on all the five adiposity variables (BMI, WC, percent body fat, FM, and FFM) (n = 3,189) ( Table 3) . Significant positive associations with incident HTN were seen across incremental fifths of BMI, percent body fat, and FM (P trend < 0.05 each).
To place our findings into a more clinically relevant perspective, we examined risk of HTN incidence on adiposity exposures grouped according to standardized definitions ( Table 4) . HTN incidence risk was significantly higher in BMI-defined overweight (HR: 1.65; 95% CI: 1.33-2.04) and obese (HR: 1.85; 95% CI: 1.30-2.63) compared with normal weight women, in WC-defined abdominal obese (HR: 1.51; 95% CI: 1.00-2.27) compared with normal WC women, and in percent body fat-defined obese (HR: 1.32; 95% CI: 1.09-1.60) compared with normal percent body fat women, respectively. 
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Principle findings: In this large prospective study of women, we found that a higher BMI was positively associated with a greater risk of incident HTN. After adjusting for multiple confounders, including CRF, this association remained across all BMI categories, even within the "normal" BMI range. Women in the highest fifth of BMI (>24.7 kg/m 2 ) had a more than twofold higher risk of developing HTN when compared with women in the lowest fifth (18.5-20 .0 kg/m 2 ). Similar patterns of association were observed between BMI and HTN when we restricted our analyses to those who were not current smokers and to those with >2 years of follow-up. The positive pattern of association was present in younger women (<55 years) and also in low, moderate, and high CRF categories, but not in older women (≥55 years). The latter finding is likely because of the small number of HTN outcomes in some BMI groups (for example, there were only 15 and 16 HTN outcomes in the first and second fifths of BMI, respectively). Our exploratory findings in the subgroup ( Table 3 ) of women indicated that BMI, percent body fat, and FM, but not WC and FFM, were significantly associated with incident HTN. However, when BMI, WC, and percent body fat are grouped according to the National Institutes of Health obesity guidelines, high-risk value of all the three adiposity measurements shows a significant predictor of HTN risk.
Comparison with previous reports: Previous studies have found that weight gain or being overweight or obese are independent risk factors for the development of HTN. 6 Weight reduction is beneficial for both primary prevention and treatment of HTN. 7 Data collected from previous longitudinal studies [3] [4] [5] [6] [7] confirmed the adverse effects of a higher BMI on greater risk of developing HTN. However, data on women are limited. [3] [4] [5] [6] Jousilahti et al. 4 found that among normotensive female subjects at baseline, BMI-associated risk for new antihypertensive drug treatment was 1.11/kg/m² (P < 0.0001). 4 Another prospective cohort study by Huang et al. 5 reported that higher BMI was strongly associated with greater risk for HTN and each unit of BMI (per kg/m²) was associated with a 12% higher risk of incident HTN. In a study of 9,139 Finnish women who were 25-64 years old, 813 women who developed HTN had a higher BMI and were more often obese or overweight compared with those who remained normotensive. 6 This study had some characteristics that differentiate it from these previous studies: all the women free of HTN and other forms of CVD at baseline, the effect of fitness on the association between BMI and HTN, and various objective measures of BMI and other adiposity markers. We believe this is the first study of BMI and HTN in women that meets all of these criteria.
In this study, the positive association between BMI and HTN was consistent across strata of CRF. However, the correlation between BMI and HTN was stronger in younger age groups than among older women (Figure 1b) . This finding was consistent not only with previous cross-sectional study where HTN was an outcome, 11 but also with several studies where mortality was the primary outcome. [28] [29] [30] A few hypotheses have been suggested to explain the lack of association between BMI and mortality in older people. 31, 32 In this study, the nonsignificant finding in women older than 55 years is likely because of the small number of events in some BMI groups. However, even with this small number of events, there was a articles
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positive trend across incremental fifths of BMI. Therefore, future studies with a larger sample size will be needed to address this important issue on incident HTN or other CVD risk factors. In a subgroup of women with complete data on all adiposity measurements, we found that BMI remains a strong predictor for developing HTN. In addition, incremental fifths of percent body fat and FM show a positive association with incident HTN. Whether percent body fat and FM maintain associations with HTN compared with simple measurements, such as BMI or WC, is largely unknown. 15, [33] [34] [35] Menke et al. 15 did not observe an association between fourths of percent body fat with prevalence HTN in women. Although many studies have reported that WC is a more powerful marker than BMI for CVD risk factors, 10,11,13,15 we did not find this similar association with incident HTN across fifths of WC (Table 3) . However, when the clinical cutoff point was used to group WC into abdominal obesity and normal categories, women with abdominal obesity had a 1.51 times higher risk of future HTN than women with normal WC (P = 0.048) ( Table 4) . Our inconsistent findings may be partly due to differences in study design. The principal limitation of previous studies was the use of cross-sectional data to identify factors associated with CVD risks. This study is the only study to our knowledge using longitudinal data to investigate these issues. Another difference is the study population. The women in the current study are not a representative sample of US female population.
Finally, we extensively controlled a variety of baseline potential confounders including clinical measurements, physical activity, and CRF. From a practical perspective, findings from the current study indicate that simple, readily available and inexpensive obesity measures such as BMI may be useful in assessing HTN risk. Nonetheless, future prospective studies with a representative sample need to confirm findings reported here with HTN as an outcome.
Mechanisms underlying the observed associations: The biological mechanism by which higher BMI increases the risk of developing HTN is not completely known. Complex interactions between metabolic and neurohormonal pathways may be the underlying mechanism by which HTN develops. [36] [37] [38] [39] [40] Insulin resistance, the renin-angiotensin-aldosterone system, and sympathetic tone may be altered by increases in BMI, and these alterations may play a causative role in increasing blood pressure among persons who are overweight and obese. 40 Investigators have reported decreases in plasma renin activity and plasma aldosterone levels after weight loss, which suggests that the renin-angiotensin-aldosterone system may mediate the relationship between BMI and HTN. 38, 39 Future research is needed to further explore possible biological mechanisms by which higher BMI, especially within the normal range, increases the risk of developing HTN.
Strengths and limitations: Strengths of the current study include the relatively large sample size, a follow-up period of 17 years, objectively measured baseline BMI and other measures of adiposity and fat distribution, and the extensive adjustment for potential confounders, including both self-reported physical activity and objectively measured fitness. In addition, this study had an extensive baseline examination, which is important since undetected subclinical disease at baseline is a concern in prospective studies.
There are some limitations that should be considered when interpreting our data. First, the homogeneity of the Aerobics Center Longitudinal Study population on sociodemographic factors deserves comment. This sample of women was mainly white ethnicity and of middle to upper socioeconomic status. They were relatively fit and mostly normal weight. While this enhances the internal validity of our findings by reducing the degree of confounding by these factors, our findings may not be generalized to the general population. Second, we did not have sufficient information on medication usage, menopausal status, or dietary sodium intake to control for these potential covariates. Lastly, because of the widespread geographical distribution of participants, we were unable to verify the onset of HTN in all cases. However, it appears that an acceptable level of agreement exists between the participants' self-reported histories and their medical records based on a validation substudy. [24] [25] [26] Conclusions and perspectives: Higher levels of BMI, even within the normal range, are a strong predictor for future development of HTN in a large cohort of women who were normotensive and healthy at baseline. Baseline BMI is positively and linearly associated with risk for developing HTN, which may have a substantial public health impact on HTN prevalence 
